Introduction
ZnO is a wide band gap semiconductor attracting interest as a promising material for blue/UV light emitters and optoelectronic devices. Point defects strongly influence optical and electrical properties of ZnO crystals and their characterization is very important [1] . By irradiation point defects can be introduced into ZnO crystals in a controlled way. Investigation of radiation-induced defects is important because ZnO is a radiation hard material with lower sensitivity to radiation damage than other semiconductors like Si, GaAs and GaN. In the present work PAS was employed for characterization of radiation-induced defects in ZnO single crystals implanted by high energy ions.
Experimental details
HT grown (0001) ZnO single crystals with dimensions 10 x 10 x 0.5 mm 3 and oxygen-terminated polished surface were supplied by MaTecK GmbH (Jülich). Three sets of samples were prepared: (1) [2] with a time resolution of 145 ps (FWHM 22 Na) was employed for positron lifetime (LT) measurement. At least 10 7 positron annihilation events were collected in each LT spectrum. A 22 Na positron source with activity of 1 MBq deposited on 2 µm thick mylar foil was always sealed between two pieces of measured sample. The source contribution consisted of two components with lifetimes of ≈368 ps and ≈1.5 ns and relative intensities ≈8% and ≈1% originating from positrons annihilated in the source spot and the covering foil respectively. A magnetically guided slow positron beam SPONSOR [3] with positron energy adjustable from 0.03 to 36 keV was employed for measurement of defect depth profiles. The Doppler broadening (DB) of the annihilation photopeak was measured by a HPGe detector with an energy resolution of (1.09 ± 0.01) keV at 511 keV. The DB of the peak was characterized by the ordinary line-shape (S) parameter. The S values were normalized to the bulk S parameter S 0 of the virgin ZnO crystal.
Results and discussion
Ion implantation into ZnO was simulated using the SRIM code [4] . Fig. 1a shows the depth profile of protons with energy of 2.5 MeV implanted into ZnO while depth profile for 7.5 MeV N and 167 MeV Xe ions is plotted in Figs. 2b and 2c , respectively. The stopping ranges obtained from SRIM simulations are listed in Table 1 . Filled gray areas in Fig. 1 represent the depth profile of vacancies created by implantation. Note that the net concentration of vacancies created by irradiation is shown. Since the samples were irradiated at temperature around 100 o C the mobility of vacancies is relatively high and a considerable fraction of these vacancies may disappear by diffusion to sinks. The dashed line in Fig. 1 shows the implantation profile P of positrons emitted by 22 Na radioisotope. To a good approximation P decreases exponentially with depth z from the surface, i.e. P = P 0 exp(-z/z 0 ). The mean positron penetration depth (in cm) is z 0 ≈ E max 1.4 / 16 ρ, where E max is the end-point-energy of emitted positrons (in MeV) and ρ is the density of the sample (in g cm -3 ) [5] . Using E max = 0.545 MeV for 22 Na and the ZnO density ρ = 5.61 g cm -3 one obtains z 0 ≈ 48 µm. By integrating P in the range from the surface up to the ion stopping range obtained by SRIM one gets the fraction f of positrons annihilated in the region modified by implantation. These fractions listed in Table 1 are high enough to detect radiation-induced defects by conventional LT spectroscopy.
The virgin ZnO crystal exhibits a single component LT spectrum with lifetime τ 1 = 182(1) ps, which is typical for HT grown ZnO crystals and was attributed to positrons trapped at Zn vacancies associated with hydrogen (V Zn +H) introduced unintentionally into ZnO lattice during the crystal growth [6] . Hence, the crystals contain a high concentration of defects leading to saturated positron trapping already in the virgin state. Positron lifetimes detected in LT spectra of ion implanted crystals are plotted in Fig. 2a as a Table 1 and obviously increase with increasing size and energy of implanted ions. The lifetime τ 2 for the sample irradiated by protons is comparable with the lifetime of 257(2) ps attributed to neutral Zn+O di-vacancy [6] . Defects in the crystals implanted by
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Positron Annihilation -ICPA-17 N and Xe ions can be identified as small vacancy clusters. This can be easily understood since N and Xe implantation introduce much higher number of vacancies per ion and at the same time the ion stopping depth is significantly shorter. Hence, vacancies are introduced in larger quantities and closer to each other which enables their agglomeration into vacancy clusters. Figure 2 The lifetimes resolved in LT spectra of ion implanted crystals (a) and the relative intensity I 2 of positrons trapped at radiation-induced defects (b) plotted as a function of fluence. Fig. 3 shows the S(E) curves for the virgin crystal and the samples implanted by protons and Xe ions. The S(E) curves were fitted by the VEPFIT code [7] in order to determine the positron diffusion length. The model curves calculated by VEPFIT and plotted by solid lines are in excellent agreement with experimental points. The mean positron diffusion length L + = 58(2) nm determined for the virgin ZnO crystal is remarkably shorter than L +,B ≈ 200 nm which is the value known for perfect (defect-free) semiconductors [5] . This confirms that HT grown ZnO crystals contain a considerable concentration of defects (namely V Zn +H complexes) already in the virgin state. Using L + the concentration of V Zn +H in the virgin crystal can be estimated through the equation
where τ B ≈ 152 ps is the bulk positron lifetime for ZnO [8] and ν ≈ 10 15 at.s -1 is the specific positron trapping rate for cation vacancies in semiconductors [5] . Estimated concentration of V Zn +H complexes in the virgin crystal is ≈ 70 ppm.
The implanted samples exhibit shortened positron diffusion length and increased bulk value of the S parameter which indicates enhanced concentration of defects. The positron diffusion lengths determined for the implanted crystals are listed in Table 1 . The crystal implanted by protons exhibits shorter L + but lower S compared to the sample implanted by Xe ions. This indicates that proton implanted sample contains higher density of radiation-induced defects (due to two orders of magnitude higher fluence) but these defects are smaller than those created in the sample implanted by Xe ions. This is in accordance with results of LT spectroscopy. Implantation by Xe ions introduced vacancy clusters which are characterized by a higher S parameter than Zn+O divacancies created by proton irradiation but their number density is smaller.
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The total concentration of vacancies (i.e. V Zn +H present already in the virgin sample + vacancies created by irradiation) can be estimated again from L + assuming that the specific positron trapping rate for vacancy clusters is proportional to the number of vacancies in the cluster. For small clusters this is a good approximation. The estimated concentrations of vacancies c v with subtracted concentration present already in the virgin crystal are listed in Table 1 . The total number of ions introduced into the implanted region (per 1 cm 2 of the sample area) is F and the number of irradiation-induced vacancies which survived in this region is N v = z stop c v N a / V m , where N a is the Avogadro number and V m the ZnO molar volume. Hence N V / F gives an estimate of the number of radiationinduced vacancies survived in the sample per implanted ion. This value is given in Table 1 . In the crystal implanted by protons majority of radiation-induced vacancies survived in the sample. On the other hand in the crystal implanted by Xe ions almost all radiation-induced vacancies were recovered and only very small fraction (~10 -3 ) survived in the sample.
Summary
PAS was employed for characterization of radiation induced defects in HT grown ZnO single crystals implanted by high energy protons, N 3+ and Xe 26+ ions. Proton irradiation introduced Zn divacancies, while N and Xe ion implantation created small vacancy clusters. The concentration of radiation-induced vacancies was estimated by back-diffusion measurement of slow positrons.
[8] G. Brauer Figure 3 The S(E) curves for the virgin ZnO crystal, proton irradiated sample (F = 10 16 cm -2 ) and the sample implanted by Xe ions (F = 10 14 cm -2 ).
